and conducted a survey of the site using an autonomous underwater vehicle (AUV). Preliminary investigations of a second, later wreck (Chios wreck B), located off the western coast of Chios, were also carried out.
We present here the results from this innovative archaeological ship wreck survey, conducted with an autonomous underwater robot carrying in-situ sensors. Chios wreck A lies at a depth of 70 m, deeper than is feasible to explore with scuba equipment. We do not expect that divers will ever visit this site, and therefore we sought to use this project to determine the present limits of underwater remote sensing for archaeological purposes.
One of the project goals was to extract useful archaeological information from the site as rapidly as possible, while leaving the site undisturbed. We believe that this approach presents a new paradigm for maritime archaeo logical investigations, for it will enable study of large numbers of directly comparable sites spread over a wide geographic range. With these powerful new technologies and survey methods, underwater landscape archaeology becomes possible.
In the pages that follow, we attempt to reach across academic and sci entific disciplines in order to engage broad audiences in the humanities as well as scientific and engineering fields. Our intent is to alert archaeologists To gain access to shipwrecks in deep water, archaeologists occasion ally have partnered with ocean scientists and engineers to use an ROV or human occupied vehicle (HOV).5 These projects have demonstrated the strengths of submersible vehicle operations for archaeology: the speed, accu racy, and repeatability with which mapping and photographic surveys can be accomplished, and a capability for robotic manipulation and recovery of artifacts.
Reliance on these systems, however, is problematic for several reasons.
The costs of ROV and HOV operations are high due to the capital and operational expenses of the technology and the day rate for the dedicated oceanographic research vessels necessary to support the systems. ROVs require a cable connection to the surface ship and an expensive and heavy level-winding winch to carry the cable on the ship. When using ROVs in deep water, the support vessel must be equipped with a dynamic po sitioning system, a system that uses computers to control and coordinate the ship's thrusters and propellers. Position fixes from a global position ing system (GPS) are fed to the computer, which then directs the ship to hover within a few meters of its intended position on the sea surface, preventing unintended vessel movement from pulling the ROV off-site.6
Dynamic positioning ships are very expensive to charter. American re search vessels with dynamic positioning cost approximately $40,000 per day, while commercial dynamic positioning vessels can cost as much as $100,000 per day. The number of ROVs and HOVs suitable for archaeo logical use is low, limiting the number of projects that can be undertaken.
Because of these factors and others, archaeologists rarely employ these technologies.
Free-swimming robotic AUVs offer solutions to some of these prob lems and open new opportunities for archaeological exploration in both deep and shallow waters. Because AUVs have no tether, they do not require dedicated dynamic positioning vessels. Nearly any vessel can support these operations, bringing vessel charter costs down to $10,000-$20,000 per day, or even less. We foresee, within the next few years, deployment of AUVs from shore, entirely eliminating the need for the support ship. While long range AUVs navigate deep waters for large-area and site-specific survey, small AUVs can perform daily mapping and photography over sites at diver depth, freeing archaeologists from these time-consuming functions. AUV technology is maturing, and the number of vehicles available worldwide is steadily increasing. As archaeologists adopt the use of AUVs, we will gain access to substantially more submerged sites. The project described here is one of the first to employ AUVs for archaeological purposes, and it points to a promising direction for archaeology under water. Because both the real-time and off-line (post-processing) navigation measurements rely on the combination of redundant and complementary sensing modalities, the AUV survey execution is robust with respect to outliers in measurement. The vehicle autonomously niters the data in real time to remove spurious observations. The post-processing algorithms also remove any measurement errors. We believe this increase in uncertainty over 13. Whitcomb et al. 2000, p. 442. 14. These successive survey missions, of varying duration (Table 1) Because this site was shallow enough to achieve DVL bottom lock from the surface while the AUV was also receiving a GPS position fix, it was not necessary to deploy the LBL transponders. The teams divers recon noitered the site and recovered a single Dressel 1C (Will Type 5) amphora with an incuse stamp on the rim (Fig. 4 ). This amphora type indicates a much earlier, Hellenistic, date for the wreck than expected, placing it in the late 2nd/early 1st century B.C.22 We then deployed the AUV. Dur ing a two-hour mission, the vehicle followed the depth contours along headings parallel to the underwater slope. The AUV collected the same types of data as during previous missions, including more than 2,000
22. Peacock and Williams 1986, p. 91; McCann et al. 1987, pp. 201 203; Sciallano and Sibella 1991, p. 34.
images of the debris field and surrounding seafloor. These images were later assembled into photomosaic strips (Fig. 5 ). While the robot surveyed the ^^^fl^^^^^Bi site, divers collected video footage of the AUV and amphora scatter. After ^^^B^^b^^^^L recovering the vehicle, we discovered sea water intrusion in some of the ^^^Ei^E^^^H AUV components. As this was the last day of our allotted ship time, we ^HI^^HI^^BIb concluded AUV operations off Chios. ^^BB^BflflH^Bf
Digital Image Mapping E^BBshPIBp^
While GPS allows surface and air vehicles to track their global posiHBiBBramP^^ tion to within a few meters, GPS radio signals do not penetrate under BKSB^Bn^flH water.23 Therefore, typical methods for underwater navigation usually rely ^BS^HHSBBraB upon beacon-based navigation networks such as long baseline to offer ^B^BBBB&Bb bounded error position measurements. Use of this method comes at an I^^BB^^BBIB expense, however, because it requires the predeployment and calibration j^BBfi^^^Bf^B of the beacon network as described above. Conversely, although dead^^^^^BBB^fii reckoning-based navigation technologies such as DVL do not require ^^^^SBpBSmS** a predeployed infrastructure, their position accuracy decreases with the ^^SBP^PHBHfl^ distance traveled. ^H^flH^^^^pPi^
To combat these navigational limitations (i.e., infrastructure-based and flBBBBBBBE unbounded error growth), team members at WHOI have been developing ^^IBBBBBBh a camera-based navigation system. This system uses the vehicle-collected ^^IBBBB^B^ imagery of the seafloor to extract measurements of vehicle motion for fu^^HB^BhBBBi sion with the onboard dead-reckoning data in order to produce a boundedI^^^BHBraSBB error navigation measurement.24 In essence, the AUV builds a digital map of ^InBBPllBSB the seafloor by registering overlapping digital-still images (both along-track Bfe^^PSjB^^mm and across-track imagery). Images that are successfully registered produce ^BBBBiShI^B a relative measurement of both the vehicles attitude (heading, pitch, and ^^^BB^B^^B roll) and translational (x, y, z) displacement. When fused with the onboard ^^^2SlS3^^Sf navigational data from the DVL, the result is a navigation system whose Bt!BBHBP^!3B error is commensurate or much better than long baseline, but which is jBj^^SPPWlWM1' ! free of external infrastructure such as LBL transponders. The significant i^EBSH^^liB? advantage of this navigation paradigm is that the AUV can be more eas^IBBt^^^BBw ily deployed for exploratory surveys to investigate target shipwreck sites ^j^BMSP^BEjiii^^ without having to invest significant ship time to deploy an acoustic beacon m^BBHBNF^iF network for precision navigation. In layman's terms, these algorithms allow ^^B^B&BBlIk the AUV to navigate much like a human does, by navigating visually with J^^HMW|jH^^P& respect to the seafloor environment. ^KKtB3^l^Bm
An important and useful by-product of this navigation methodology Mm^^^HHh is that the overlapping registered imagery can be used to construct an opti^BBH^H^^fcll^K cally generated bathymetric map. This map can then be used to construct a ^^^BHB^^^^W quantitatively accurate three-dimensional photomosaic by back-projecting ^^^BflBI^^^^^V the imagery over the optical bathymetric map. There are a number of instrument-specific variables that affect the resolution of a multibeam sonar system, including sound frequency, beam pattern of the sonar as dictated by the transducer design, seafloor roughness, and the range (distance) to the bottom. The swath width of a multibeam system is a function of the angular sector of the transducer and the distance from the seafloor. The size of the acoustic footprint on the seafloor can greatly affect the resolution of the final map, as a large acoustic footprint over fine-scale complex seafloor terrain will not resolve the details of the seafloor, but will reveal broader bathymetric patterns. The acoustic footprint becomes larger with increasing distance from the seafloor. As a result, the acoustic footprint is smaller near the center of the swath and increases toward the edges of the swath. Similarly, the acoustic footprint increases with increased vehicle altitude.
Additional variables that affect the resolution of the final map are dependent on data-acquisition protocols. For example, the spatial density of bathymetric soundings is dependent on ping rate, vehicle speed, and vehicle altitude. While along-track data density is primarily dependent on survey speed and ping rate, across-track data density is dependent on characteristics of the multibeam system (e.g., beam width) and distance from the seafloor.
Multibeam sonar data collected during the Chios survey were gridded at 5 cm resolution (Fig. 7) . This resolution is sufficient to reveal the detailed characteristics of the wreckage and the surrounding seafloor. There is no sign of a debris trail around wreck A. The wreck itself is bathymetrically complex; but even in the initial sonar plots, individual amphoras spatially isolated (horizontally or vertically) from the wreckage could be identified.
With substantial post-processing of the sonar data, individual artifacts within the amphora mound can be discerned (Fig. 7, inset Optical and acoustic multibeam imagery of the area reveals a large contigu ous amphora pile generally resembling an ellipse. The area surrounding
Chios wreck A lacks the obvious furrow marks in the sediment charac teristically made by the otter doors on trawl fishing nets, and there is no indication of a scour crater around the perimeter of the amphora mound.
Overall, the data suggest that the wreck site has been undisturbed by storm events, benthic currents, or trawl fishing since its sinking. The Chios wreck A site also appears to support limited photosyntheti cally derived biological activity. Optical imagery shows very little biological encrustation of wreck artifacts. In contrast, imagery from the Chios wreck B site clearly shows widespread encrustation, with sizable beds of posidonia grass around the artifacts. However, chlorophyll concentrations measured throughout the overlying water column at both sites were approximately 2.5 mg/1, with little variability.
A step change in aromatic hydrocarbon concentrations occurs near the seafloor around Chios wreck A, increasing by a factor of three in the lowest 10 m of the water column (Fig. 9) In 2004, HCMR and EUA scientists recovered from the site a well preserved Chian amphora, designated BE2004/4.1 (Fig. 12) . The vessel is intact except for one missing handle, but traces of that handle s attachments remain on the neck and shoulder. The clay color is red (Munsell 2.5YR 5/6), and the amphoras dimensions are overall height 0.915, maximum diameter 0.340, handle height 0.320, toe height 0.070, depth of recess in toe 0.040, and neck inner diameter 0.087 m. EUA archaeologists measured the volume of this amphora by filling the jar with water, according to ac cepted practice.28 The volume to the base of the neck is 19.0 1, and the total volume to the rim is 22.01.
The second amphora type found at wreck A is of an unattributed va riety. There are 30 intact examples of this type discernible in the imagery, at least 12 that are broken, and many fragments representing an unknown number of additional amphoras. In 2004, HCMR and EUA recovered one amphora of this type, designated BE2004/4.4 (Fig. 13) . The clay color is light red (Munsell 2.5YR 6/6), and the amphora dimensions are overall height 0.665, maximum diameter 0.400, handle height 0.145, neck height 0.140, and neck inner diameter 0.085 m. The capacity of this amphora was also measured by filling it with water.29 The capacity at the base of the neck is 32.41, and the total internal volume measured at the rim is 33 1.
The digital images of Chios wreck A show mouths of 37 more am phoras visible in the sediments, but it is impossible to determine their type or condition. They appear to be standing upright, and they may still be in The extreme western end of Chios wreck A contains a feature that is suggestive of an anchor shank and arm (Fig. 14) . This feature is less than 2 m long, however, and may be too small for ground tackle.31
The photomosaic (Fig. 10 ) reveals a small area (about 1.5 m2) of decreased amphora density along the centerline near the western end of the wreck. This might represent the location of the ships mast. Nearby, the toe of one amphora of perhaps Thasian or northern Aegean type is evident (Fig. 15 ).32This area also contains an assemblage of several small pots possibly used by the crew, or perhaps representing a secondary cargo consignment in addition to the amphora cargo. A single example of a jug (designated BE2005/4) was recovered from
Chios wreck A using the HCMR ROV in 2005 (Fig. 16) In addition to the objects carried on the vessel when it sank, the wreck has trapped modern trash, including plastic bags, cups, and water bottles (see Figs. 10 and 11, above) . This material has been carried onto the site by benthic currents?a phenomenon long observed on other deepwater shipwreck sites. Ancient debris also travels across the seafloor; anachronistic artifacts encountered in the supposedly closed context of a wreck site may be explained by this mechanism.36
In comparison to other roughly contemporary shipwrecks, Chios wreck A is larger than all but the Alonnesos vessel ( Table 2 ). The number of amphoras visible on wreck As top layer is evidence that it was a relatively large ship for its time, but further investigation is necessary to determine the total number of amphoras contained within the 1.4 m tumulus.
As described above, the Chian amphoras on the wreck site are straight necked with a conical cup toe (see Fig. 12 ). Intact examples and sherds of similar jars have been excavated from 4th-century B.C. contexts in the northern Black Sea. Chian "dunce cap" toes appear in a stratum dating to the middle of the 4th century B.C. from the Belozerskoe settlement near the mouth of the Dnieper River, Ukraine.37 Complete examples were excavated from child burials in the necropolis tumulus at Panskoe I in westernmost Crimea, dating to the third quarter of the 4th century B.C.38
Closer to Chios, sherds of similar cup-toed amphoras have been studied at Ilion. They were excavated from strata dating no later than 330 B.C.39
The Chian amphoras contained within Chios wreck A conform closely to the mid-century form. An exact parallel has also been found in the 45. Mattingly 1981, p. 80; Barron 1986 , pp. 96, 98. 46. Hardwick 1993 Mat tingly 1993, p. 102; Schonhammer 1993, pp. 189-191; Lawall 1998b, pp. 94-95. Amphora BE2004/4.1 (Fig. 12) recovered from Chios wreck A adds one more data point to this debate. As noted above, the volume to the base of the neck is 19.01, and the total volume to the rim is 22.01. Docter tentatively suggests amphoras were filled halfway up the neck of the jar.55 If this Chian jar were filled halfway up its neck, the resulting volume would be 20.5 1, or within 2% of seven Chian choes. However, it is statistically unsound to base conclusions about the entire class of Chian amphoras from this wreck on a single sample.56 To verify a capacity standard for this style of Chian amphora, additional measurements will be required from the amphoras on this shipwreck and other contemporary sites.
Chian products were traded extensively in the Classical and Hellenistic eras.57 Excavations of 5th-century strata in Athens and Corinth show large quantities of Chian amphoras, and the islands amphoras have been found in the southern Mediterranean at Naukratis in the Nile Delta,58 and farther eastward, on Cyprus.59 Evidence from excavations in the northern Black Sea area indicates markets for Chian products in that region during the 4th century B.C., and papyri record that Chios was a port of call for ships trading between Alexandria and the Black Sea during the 3rd century B.C.60
Additionally, Chian amphoras have been recovered from several shipwrecks; as Carlson notes, this may indicate that Chian products were widely traded, or it may simply reflect the fact that the distinctive Chian amphoras are Chians with the invention of "dark" or "black" wine, as differentiated from white or yellow wine.64 In the Deipnosophistae, Athenaeus quoted other ancient authors' claims that Chian wine was best of all, again singling out the Ariusian variety (Ath. 1.26b, 1.29e, and esp. 1.32f).The ancient texts indicate that the distinctive Chian wine found a wide and eager market throughout the Greek world for centuries. However, amphora BE2004/4.1 was not lined with resin, an indica tion that it probably did not hold wine. To determine its contents, we extracted a small (< 1 g) sample of ceramic from the interior wall of the jar and subjected it to molecular biological analysis, an unprecedented tech nique fully described elsewhere.65 These analyses revealed ancient DNA of olive and oregano.66 This result is intriguing; it demonstrates that this type of amphora did not contain wine exclusively in its first use for export. Some portion of this ships cargo was composed of olive products carried in Chian amphoras. Additional samples must be collected and analyzed from more amphoras on this shipwreck before broader conclusions about the cargo can be drawn.
The capacity of the second amphora recovered from Chios wreck A, The variability between the features of the two amphora types may be due to the passage of three-quarters of a century between the two wrecks, or perhaps the amphoras are simply from different production centers. The
Tektas Burnu amphoras were initially termed "pseudo-Samian" and then reconsidered and reclassified as likely being Klazomenian or west Asian.
Recently, scholars studying that wreck have proposed Erythrai as a possible place of manufacture (Fig. I) .74 We encourage amphora specialists to perform additional research into the unattributed amphoras from Chios wreck A in order to establish developmental links to other types and to determine the origin of the type. Recovery of additional examples of the unattributed type may be necessary before firm conclusions can be drawn. Molecular biological analysis of a ceramic sample from the interior wall of amphora BE2004/4.4 may support an origin of Chios or nearby. Our results show that the jar contains ancient DNA from the Pistacia genus, which includes pistachio nut and mastic.75 Given the presence of resin in the jar, we suspect that the DNA might represent mastic. Pliny wrote that Chios was the best-known source of high-quality gum mastic in the an cient world. He differentiated Chian "white mastic" from other mastic-like substances for its color, consistency, and method of collection (HN 12.36 ).
This opens the question of whether Chian mastic was a distinct species within a general family of mastic-like substances described in ancient texts.
Fresh samples of modern Chian mastic have been collected by the research team, and additional chloroplast genes are being sequenced from that spe cies and others within the Pistacia genus. Successive DNA analyses are now being performed in the hope of further refining the identification of the material in amphora BE2004/4.4. If this jar did contain Chian mastic, it suggests a local origin for the contents of the unattributed amphora, and therefore perhaps the jar itself.76
The bathymetric maps and photomosaic of the wreck show the dis tribution of the amphoras and other artifacts (Figs. 7 and 10 Intrusive investigation of the wreck may be necessary before these ques tions can be answered.
We can speculate on the reasons for the vessels loss from the informa causing the vessel to heel sharply. In the worst case, this could cause the vessel to take on water over the rail and sink.78
The exact place of lading and route of the vessel prior to sinking are unknown, as is the site of 4th-century B.C. amphora production. Analysis of the clay of Chian amphoras suggests it might originate in the beds near Emporio and Armolia, in the southeastern portion of the island (see Fig. I an incuse stamp on its rim (Fig. 4) . The 2005 survey of this wreck was cut short by damage to the AUV, but EUA archaeologists continue to study this site.
The 2005 Chios project points to the future potential of rapid, autono mous archaeological survey regardless of depth, but there will always be a place for archaeological divers when water depth permits. With autono mous robotic methods complementing standard shallow-water practices, divers may be freed from mundane and time-consuming mapping tasks, allowing them to concentrate instead on excavation, fine manipulation, and archaeological interpretation. Divers should focus on archaeological questions that cannot be answered by means of robotic technologies and methods. For instance, our procedures for retrieving ancient DNA from amphoras entail bringing the jars to the surface for sampling. In shallow waters, this is best performed by humans. We envision DNA analysis of original amphora contents becoming a common tool for archaeologists.
Through the study of ancient DNA remains, archaeologists will be able to draw more precise conclusions about the use of amphoras, agricultural production, and patterns of ancient trade.
The For archaeological investigations in deep water, AUV surveys offer benefits over towed sonar surveys and ROV operations. A fast-running AUV can survey two to three times as much seafloor in a more systematic manner than a towed system, and it can produce better data by main taining an optimal altitude over the terrain during the survey. Multiple
AUVs can be operated from a single ship, again increasing the amount of coverage and the number of targets identified. Eventually AUVs will be deployed from shore, reducing project costs by eliminating the support ship. Because each seafloor target can be characterized and surveyed in a single day with an AUV, the number of shipwrecks that archaeologists can examine will increase significantly. Presented with data sets collected by in-situ sensors, archaeologists will be able to prioritize sites deserving intrusive investigations and better allocate the resources necessary for those operations.
AUVs applied to underwater archaeology may permit us to ask new questions by assessing a statistically significant number of comparable, contemporary sites. Instead of concentrating resources on a single site over many years, as has been the practice in underwater archaeology, soon we will be able to survey dozens of sites in a single field season. This will allow broad study of inter-and intraregional trade, exchange, and contact through time. Combined with the information gleaned from complete excavations of land and underwater sites, these new technologies and methods will fundamentally alter our understanding of the ancient past. 
